Levels of mRNAs encoding the microtubule associated proteins MAP2b and MAP2c as well as the 70-kDa stress protein [72-kDa heat shock protein (hsp72)] were evaluated in postischemic rat brain by in situ hy bridization with oligonucleotide probes corresponding to the known rat sequences. Rats were subjected to lO-min cardiac arrest, produced by compression of major tho racic vessels, followed by resuscitation. The normally ex pressed MAP2b mRNA showed transient twofold eleva tions in all hippocampal neuron populations at 6-h recir culation, followed by a return to control levels by 24 h. MAP2b hybridization was progressively lost thereafter from the vulnerable CAl and outer cortical layers, pre ceding both the fall in immunoreactive MAP2b and the eventual cell loss in these regions. The depletion of MAP2b mRNA coincided with an increase in the alterna tively spliced MAP2c in vulnerable regions during 12-48 h of recirculation, precisely overlapping the late component of hsp72 expression that persisted in these cell popula-It is increasingly apparent that the brain responds to ischemia and other insults with a diverse repro gramming of gene expression. This includes the rapid and usually transient induction of c-fos and related transcription factors encoded by "immedi ate-early" genes (Jprgensen et aI., 1991; Wessel et
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aI., 1991), as well as the more prolonged expression of mRNA encoding the 70-kDa heat shock/stress protein (hsp72) (Nowak, 1991; Nowak et aI., 1993) , among a growing number of other responses (Dempsey et aI., 1991; Muller et aI., 1991; Lindvall et aI., 1992 ; Pellegrini-Giampietro et aI., 1992; Mat suyama et aI., 1993; Paschen et aI., 1993) . Since accumulation of proteins encoded by induced mRNAs is generally attenuated in severely injured neuron populations after ischemia (Vass et aI., 1988; Simon et aI., 1991; Kiessling et aI., 1993; Mat suyama et aI., 1993) , many postischemic changes in protein expression are most evident in surviving neuron populations.
Some of the neuronal responses characteriied in association with injury or degenerative disorders appear to involve reexpression of earlier develop mental programs, most extensively characterized in the context of cytoskeletal changes following pe ripheral axonal injury. Increased class II l3-tubulin mRNA and decreased neurofilament NF68 mRNA expression were observed in sensory neurons fol lowing sciatic nerve crush, approximating the rela tive expression seen in neonatal tissue (Hoffman and Cleveland, 1988) , and increased expression of the Tal subtype of a-tubulin occurred during axon regrowth in motor neurons following similar injury (Miller et aI., 1989; Miller and Geddes, 1990) . Class III l3-tubulin mRNA is also increased after axotomy (Moskowitz et aI., 1993) , and its immunoreactivity is increased in surviving neurons in regions of injury (Geisert and Frankfurter, 1989) . In contrast, down regulation of both a1 and I3II1 tubulin mRNAs is observed following axotomy in the central nervous system, perhaps reflecting its reduced capacity for axon outgrowth (Kost and Oblinger, 1993) . The growth-associated protein GAP-43 that is abundant in neonatal brain also shows increased expression in both the central and peripheral nervous systems under conditions that are compatible with axon re growth (Basi et aI., 1987; Doster et aI., 1991; Curtis et aI., 1993) .
Microtubule-associated protein 2 (MAP2) is a neuronal cytoskeletal protein that exhibits develop mentally regulated expression of two molecular species encoded by distinct mRNAs derived by al ternative splicing of the MAP2 gene Papandrikopoulou et aI., 1989) . The mature MAP2 is a 280-kDa doublet encoded by a 9-kb MAP2b transcript in the rat, while the MAP2c expressed early in development is a protein of 70 kDa encoded by a truncated mRN A that lacks 4 kb of internal coding sequence (Papandrikopoulou et aI., 1989) . MAP2b mRNA shows significant local ization in the dendritic compartment of mature neu rons (Garner et aI., 1988; , con sistent with the distribution of the encoded protein (Bernhardt and Matus, 1984) , but no such dendritic specificity is evident for MAP2c (Papandrikopoulou et aI., 1989) .
Decreases in MAP2b mRNA and protein have been reported in neurons following axonal injury (Svensson and Aldskogius, 1992a,b) , while in creases in MAP2 immunoreactivity have been asso ciated with remodeling of dentate granule cell den drites after denervation (Oiceres et aI., 1988) . Fol lowing ischemic injury, decreases in MAP2 immunoreactivity are consistently observed in both global and focal ischemia models (Kitagawa et aI., 1989; Inuzuka et aI., 1990; Tomioka et a!., 1992; Miyazawa et aI., 1993) . While early changes in MAP2 staining may precede the delayed neuron loss that occurs after global ischemia (Kitagawa et J Cereb Blood Flow Metab, Vol. 15, No.2, 1995 aI., 1989; Yanagihara et aI., 1990; Yoshimi et aI., 1991) , the most consistent finding in perfusion-fixed material is a late disappearance coinciding with cell death in vulnerable regions (Yoshimi et aI., 1991; Tomioka et aI., 1992; N. Saito and T. S. Nowak, J r., unpublished observations) . Previous studies have not considered possible early changes in MAP2 mRNA processing after ischemia. In the present experiments, we have characterized in de tail the expression of mRNAs encoding MAP2b and MAP2c, as well as hsp72, in rat brain during recir culation following cardiac arrest.
MATERIALS AND METHODS

Experimental ischemia
Ischemia was produced according to a protocol approved by the Animal Care and Use Committee, NINDS. Female Sprague-Dawley rats (Taconic Farms, Germantown, NY, U.S.A.) weighing 18� 200 g were subjected to 8-10 min of cardiac arrest using a model recently described (Pluta et aI., 1991; Kawai et aI., 1992) . In brief, rats were anesthetized with 1.5% halothane in 30% 02170% N20 and placed in a supine position. The left femoral artery was catheterized with PE-50 tubing to monitor blood pressure and to administer sodium bicarbonate. Af ter a midline skin incision was made in the chest, an occluding device consisting of a bent rod was in serted into the mediastinum through the first inter costal space. The major thoracic vessels were hooked by the occluding device, and blood circula tion was completely interrupted by compressing the major thoracic vessels between the device and a finger applied from outside the chest wall. Occlu sion was released at 3 min after the initiation of ischemia, and cardiac arrest was confirmed by the absence of detectable blood pressure. Resuscitation was accomplished by artificial ventilation, injection of 0.3 ml sodium bicarbonate, and cardiac massage beginning at 5.5 min after the occlusion. Only those animals whose blood pressure recovered to 50% of control values within 8-10 min after the onset of ischemia were used for further investigations. Groups of four animals were killed by decapitation at predetermined recirculation intervals of 6, 12, 24, 48, and 96 h in addition to normal controls. Brains were dissected and stored frozen at -70°C.
Oligonucleotide probes and primers
The probes used in these studies were synthetic oligonucleotides based on published sequences. The hsp72 oligonucleotide was a 30mer that selec tively detects an inducible mRNA of the hsp70 fam ily as previously characterized (Nowak et aI., 1990; Miller et aI., 1991; Nowak, 1991) . The MAP2b probe consisted of the 40mer 5' -GC TGT GGT TTT CCG CTT AAC ACA GGA GAG ATG AGT TGG TC-3', complementary to a region of the coding se quence that is excluded from MAP2c and that is identical in the human, mouse, and rat (Kosik et al., 1988; Wang et al., 1988; Kindler et al., 1990) . For MAP2c a 31-base probe that spans the internal splice site of the rat sequence (5' -C TGA TTC ACC ACT TGT TGC TTC TTC CAG TGC-3') has been shown to selectively detect rat MAP2c mRNA un der suitable stringency conditions (Papandrikopou lou et al., 1989; Doll et al., 1990) . Target regions of these probes are designated 2b and 2c, respectively, in the schematic diagram of the rat MAP2 tran scripts illustrated in Fig. 1 . These are well removed from sequences encoding carboxy-terminal micro tubule-binding sites having known homology with -r-proteins (Lewis et al., 1988; Papandrikopoulou et al., 1989) . For in situ hybridization, the probes were end-labeled with a-esS]dATP using terminal deox- Duplicate hippocampal RNA preparations were obtained from control animals (C) and at 24 h following 10-min cardiac arrest, and PCR products derived from the MAP2b and MAP2c transcripts were generated and analyzed as detailed in the text. The MAP2c sequence was minimally detected in control tissue, but strongly expressed after ischemia.
ynucleotide transferase in a kit from Boehringer Mannheim Biochemicals (Indianapolis, IN, U.S.A.). Fluorescein-labeled oligonucleotides were similarly prepared for blot hybridizations using a kit from Amersham (Arlington Heights, IL, . U.S.A.). Primers for polymerase chain reaction (PCR) am plification of MAP2b and MAP2c included a com mon 20mer (designated A in Fig. 1 ) antisense to a 3' region of both mRNAs, having the sequence 5'-GT CCG TCG TGC TGA AGA GAT-3'. Sense oligo nucleotides at positions B and C consisting of the sequences 5'-GAA ACT ATT CCT AAA GAG GA-3' and 5'-CTG ACC TCA GCT GAC AGA GA-3' were used for selective amplification of MAP2b and MAP2c transcripts, yielding fragments of 515 and 422 bases, respectively. No amplification would be expected between the 3' A primer and 5' C primer sequences in MAP2b that are separated by >4 kb.
PCR and detection of amplified sequences
Total hippocampal RNA was isolated from indi vidual animals by a guanidine thiocyanate/CsCI method essentially as previously described (Chirg win et aI., 1979) . Oligo-dT-primed cDNA was syn thesized from 5 IJ.g of hippocampal RNA using re verse transcriptase in a kit from Gibco/BRL (Gai thersburg, MD, U.S.A.). Aliquots of each cDNA preparation were mixed with the respective MAP2b and MAP2c primer pairs and other components pro vided in a PCR kit from Perkin Elmer (Norwalk, CT, U.S.A.), amplified through 30 cycles of poly merization consisting of three steps of 1 min each at 94, 55, and noc, resolved by electrophoresis in aga rose gels, and transferred to nitrocellulose (Sam brook et al., 1989) . The blots were hybridized with fluorescein-labeled MAP2b and MAP2c probes and imaged with peroxidase-conjugated anti-fluorescein and enhanced chemiluminescence detection (Amer sham).
In situ hybridization
The several mRNAs were detected in situ as pre viously described (Young et al., 1986; Harper and Marselle, 1987; Nowak, 1991) . Briefly, 15-lJ.m brain sections were cut on a cryostat at -18°C, mounted on polylysine-coated slides, and stored at -70°C. Sections were immersion fixed in 4% paraformalde hyde/O.l M sodium phosphate (pH 7.4) for 5 min and rinsed twice each in 70% ethanol and in 0.3 M NaCl/0.03 M Na citrate (2x SSC). Subsequently sections were acetylated with 0.25% acetic anhy dride added dropwise with stirring to 0.1 M trieth anolamine HCI (pH 8.0), glycinated in 0.1 M' Tris/ 0.2 M glycine (pH 6.5) for 30 min, rinsed with 2x SSC, and dehydrated in graded ethanol and chloro form. Hybridization took place overnight at 37°C in a mixture consisting of labeled probe (�0.5 pmol in a vol of 10 fA-lIsection)/2 x SSC/50% formamide/ to% dextran sulfate/l mg/ml of salmon DNA/tOO mM dithiothreitol at 37°C using a humidified cham-A ber. Sections were washed with four changes during 2 h in 2 x SSC/50% formamide at 42°C for MAP2b and hsp72 and at 39°C for MAP2c, rinsed twice in 2
x SSC at room temperature, and dehydrated through graded ethanol. Hybridization was visual ized after several days' exposure on Kodak SB-5 film.
For quantitative determinations, representative sections from each animal in the study were hybrid ized and exposed at the same time to eliminate possible inconsistencies in probe specific activity, hy bridization stringency, and other variables. Relative mRNA levels were determined by densitometry us ing a video camera-based digitizing system (Image 1. 44) calibrated with simultaneously exposed 14C standards (Amersham). Complementary sense olig onucleotide probes for MAP2c, MAP2b, and hsp72 were used as controls for hybridization specificity in sections from each brain analyzed. Since previ ous studies indicated that MAP2b mRNA was not present in white matter (Garner et aI., 1988) and since the several sense probes failed to detect any differences in signal intensity between corpus cal losum and hippocampus at any recirculation time, the background radioactivity in corpus callosum was subtracted from that obtained in other regions of interest for determination of MAP2b hybridiza tion in each section.
RESULTS
The relationship of the MAP2b and MAP2c cod ing sequences, and the positions of the oligonucle otide probes and primers used in the present stud ies, are illustrated in Fig. IA . Since MAP2c is a truncated form of MAP2b, its mRNA contains no sequence that is not also present in the full-length transcript, but the probe that spans the splice site is capable of selective hybridization with MAP2c. Fig  ure 1B confirms the detection of amplified MAP2b and MAP2c sequences with the respective probes and demonstrates a postischemic increase in MAP2c expression in rat hippocampus.
hsp72 hybridization was observed with a charac teristic distribution in rat brain at 6-h recirculation following to-min cardiac arrest, as shown in Fig. 2 . A prominent signal was evident in outer layers of dorsolateral cortex, particularly in more frontal sec tions, with strong hybridization also detected in prepiriform cortex and hippocampal pyramidal cell fields. Significant hybridization in cerebellum was (hsp72) mRNA expression in rat brain after 10-min global ischemia. Rats were subjected to 10-min cardiac arrest and 6-h recir culation, and brain sections were prepared and hybridized with the hsp72 probe. Representative sections illustrate hsp72 expression at the levels of striatum (A), hippocampus (B), and cerebellum (e). Cortical hybridization was strongest in the more frontal sections (A), including both dorsolateral and prepiriform cortex (PCx). Hybridization was moderate in dentate granule cells (DG) at this time, but was pronounced in CA 1 and CA3 pyramidal cell layers, including the frontal extension of CA3, induseum griseum (ig). Little hybridization was detected in striatum (St), while a significant Signal was evident in ventrolateral thalamus (Th), the cerebellar Purkinje cell layer (P), and dorsal and lateral brainstem nuclei. restricted to Purkinje cells, while moderate levels of hsp72 mRNA were apparent in ventrolateral thala mus, dentate granule cells, and several brainstem nuclei. Little hybridization was evident in striatum under the conditions of this insult. The time course of hsp72 mRNA expression in several regions is illustrated quantitatively in Fig. 3 . Only CAl and outer cortical layers showed further increases in signal intensity beyond 6 h and sustained expres sion at postresuscitation intervals of �24 h.
The patterns of MAP2b and MAP2c mRNA ex pression are compared with that of hsp72 in hippo campus and adjacent cortex in Fig. 4 , and quanti tative analyses of several regions of interest are pre sented in Fig. 5 . MAP2b mRNA was expressed throughout control brain, with its characteristic so matodendritic distribution evident as the broad re gion of hybridization in hippocampal pyramidal cell fields relative to the more narrow zone of hsp72 hybridization confined to the soma. During early recirculation, MAP2b mRNA levels increased tran- Time course of regional 72-kDa heat shock protein (hsp72) hybridization after cardiac arrest. Autoradiograms were evaluated densitometrically as detailed in the text, and hybridization intensity in the several regions expressed rela tive to the maximal signal obtained in CA1. Dentate granule cells (DG), hippocampal CA3 neurons, and ventrolateral thal amus showed transient hybridization that was representative of most other regions examined, returning to control levels by 24 h of recirculation. Only dorsolateral cortex and CA1 showed persistent hybridization through 1 and 2 days, re spectively. Symbols indicate means and standard deviations for data from four animals. siently in all of the major hippocampal neuron pop ulations (Figs. 4 and 5). This was followed by a return to control levels, with a progressive further decline that was restricted to CAl' The MAP2b sig nal in this vulnerable neuron population fell to lev els of <20% of control that were maintained for the duration of the experiment, and its dendritic distri bution was below the limits of detection at late re circulation times. In contrast, MAP2b hybridization in CA3 was not significantly different from control at recovery intervals of � 12 h. Dentate granule cells showed a pattern comparable with that of CA3, while in thalamus and cortex, there were no signif icant changes in MAP2b hybridization at any time point (data not shown).
In the control rats, MAP2c hybridization was be low the limits of detection. A weak signal could be detected in CAl and the outer layers of dorsolateral cortex at 6 h, with peak hybridization at 12-24 h and a return to undetectable levels by 4 days. The dis tribution of MAP2c expression precisely over lapped that of prolonged hsp72 induction in CAl and outer cortical layers at 1 and 2 days of recirculation.
In parallel studies. MAP2b hybridization in the gerbil after 5-min ischemia showed a pattern similar to that observed in the rat, with a transient increase at 6-h recirculation and progressive loss of the sig nal in CAl thereafter (not shown). Changes in MAP2c hybridization could not be confirmed in the gerbil because MAP2c mRN A was not detected in gerbil hippocampus with the available rat probe.
DISCUSSION
These results demonstrate striking changes in the expression of MAP2 mRNAs after transient isch emia in the rat. Widely distributed increases in the normally expressed MAP2b transcript are evident during early recirculation, at intervals during which hsp72 hybridization also empirically defines diverse cell popUlations that are subject to potentially pathological stimuli (Nowak, 1991; Sloviter and Lo wenstein, 1992) . Conversely, delayed reexpression of the developmentally regulated MAP2c transcript is restricted to vulnerable cell populations in the CAl region of hippocampus and outer cortex that also show prolonged expression of hsp72 mRNA.
Since hsp72 induction has come to be a widely used marker of cellular pathology after ischemia and other insults (Nowak et aI., 1993) , it was of some interest to characterize its expression in this cardiac arrest model, which has recently been ·sys tematically evaluated (Pluta et aI., 1991; Kawai et aI., 1992; Mies et aI., 1993) . The general features of hsp72 induction observed here are comparable with hybridization in hippocampus and cortex after 10-min ischemia. Rats were subjected to cardiac arrest and resuscitation, and sections prepared and processed at the indicated recirculation intervals. MAP2b hybridization was transiently elevated at 6-h recirculation in all brain regions and was notably depleted from CA 1 at recirculation intervals of �1 days. MAP2c hybridization was prominent only in CA 1 and dorsolateral cortex at recovery intervals of 12-48 h, overlapping with the sustained expression of hsp72 mRNA in the same cell populations.
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FIG. 5. Quantitative evaluation of regional microtubule associated protein MAP2b and MAP2c mRNA levels in rat brain after global ischemia. As illustrated for CA 1 and CA3 pyramidal layers, MAP2b mRNA levels were generally ele vated at 6-h recirculation, returning to control levels in CA3 and other regions but showing persistent decreases in vul nerable CA1 neurons. MAP2c hybridization was found only in CA1 and vulnerable regions of dorsolateral cortex, with a detectable signal by 6-h recirculation and peak levels at 12-24 h, and disappearing between 2 and 4 days. Relative hy bridization is plotted as a percentage of control hybridization for MAP2b (*p :s 0.05 vs. control values for each region) and as a percentage of the peak signal in CA1 for MAP2c. those described for other global ischemia models, with early widespread increases in mRNA levels followed by persistent hybridization in vulnerable cell populations (Nowak, 1991; Kawagoe et aI., 1992) . The data of Fig. 3 demonstrate significant further increases in hspn mRNA levels in CAl and cortex between 6 and 12 h of recirculation, confirm ing the impression of earlier less quantitative stud ies in the gerbil (Nowak, 1991) . The absence of sig nificant induction in striatum is consistent with the longer threshold insult required to produce striatal injury (Pulsinelli et aI., 1982) , while the transient increases in Purkinje cells reflect the potential vul nerability of this cell population under conditions in which cerebellar circulation is impaired (Pulsinelli and Brierley, 1979) . Hybridization in ventromedial thalamus is consistent with other reports of immu noreactive hspn in this region after brief global ischemia in the rat (Simon et aI., 1991) and with the distribution of thalamic pathology seen in the present model (Mies et aI., 1993) and after pro-longed or repeated ischemic insults in the gerbil (Ikeda et aI., 1989; Kato et al., 1989; Nowak et al., 1992) . Notably absent is any signal in the adjacent neurons of the reticular thalamic nucleus that show early damage in this model (Kawai et a1., 1992; Mies et al., 1993) and in which hspn immunoreactivity has sometimes been reported after transient isch emia (Simon et al., 1991) , suggesting that the rapid evolution of injury in this population under the present conditions may preclude any significant transcriptional responses.
In contrast to the reductions in MAP2b immuno reactivity consistently observed after global isch emia (Kitagawa et aI., 1989; Yanagihara et aI., 1990; Tomioka et al., 1992; Miyazawa et al., 1993) , the results of Figs. 4 and 5 clearly demonstrate that early changes in MAP2b mRNA expression consist of transient and modest increases in hybridization throughout the hippocampus. Although quantita tively significant changes in MAP2b expression were detected only in hippocampus, it remains pos sible that more diffusely distributed neuron popula tions in other brain regions may show similar re sponses that were not detectable with the present methods. In any case, it is evident from the present data that the early rise in MAP2b mRN A does not correlate with histological outcome, since signifi cant increases in hybridization were evident in both dentate and CA3 neurons that survive such insults In contrast, depletion of MAP2b hybridization in CAl is apparent within 24 h of recirculation and clearly precedes loss of this vulnerable neuron pop ulation. There was no significant depletion of MAP2b mRNA in outer cortical layers (Fig. 4) , pre sumably reflecting the modest loss and scattered distribution of injured neurons in this region. The inconsistency is rather in the opposite direction in CA I' since � 50% of neurons in the pyramidal layer survive the insult (Mies et aI., 1993) , while the present results suggest somewhat greater depletion of MAP2b hybridization (Fig. 5) . The dendritic dis tribution of the MAP2b signal is particularly af fected (Fig. 4) . From these observations, it would appear that surviving neurons in CAl maintain re duced levels and an altered distribution of MAP2b mRNA for some time following resuscitation in this model.
The most striking feature of the present results is the delayed expression of the MAP2c transcript in vulnerable neuron populations, coinciding with per sistent expression of hspn mRNA. In contrast to the more widespread initial distribution of hsp72 in duction, MAP2c expression constitutes a delayed response that is strongly associated with subse quent neuronal injury. It remains to be explicitly determined whether MAP2c is differentially ex pressed in surviving or dying neurons. However, while the relative intensity of the MAP2c hybridiza tion signal is only moderately higher in CAl than in cortex (Fig. 5) , the density of injured neurons is much greater in CAl (Pulsinelli et aI., 1982; Smith et aI., 1984; Mies et aI., 1993) . This indicates that MAP2c expression is certainly not exclusively ex pressed in dying cells and may rather be preferen tially expressed in the relatively high percentage of injured but surviving CAl neurons in this model (Mies et aI., 1993) . Comparative data for MAP2c expression could not be obtained in the gerbil model with the available probe, since there is considerable divergence in the rat, mouse, and human sequences in this region (Kosik et aI., 1988; Wang et aI., 1988; Doll et aI., 1990; Kindler et aI., 1990) . Preliminary results indicate that MAP2c is not strongly ex pressed after brief 2-min ischemic insults in the rat (M. Okawa and T. S. Nowak, Jr., unpublished ob servations) under conditions that induce both hsp72 and the expression of ischemic tolerance (Kirino et aI., 1991; Liu et aI., 1992) , further strengthening the link with injury per se. MAP2b-positive glial ele ments have been described in certain white matter tracts (Papasozomenos and Binder, 1986) and in re gions of brain injury after ischemia and other insults (Geisert et aI., 1990; Miyazawa et aI., 1993) , and glial MAP2c expression has been noted in the de veloping avian nervous system , as well as in cultured mammalian astrocytes (Charriere-Bertrand et aI., 1991) . However, the dis crete localization and transient expression of MAP2c hybridization in the CAl pyramidal cell layer (Fig. 4) argue that glial responses are not likely to contribute significantly to this signal at the time points examined in the present study.
Shifts in the pattern of axonal cytoskeletal pro tein expression following injury appear to be con sistent with the structural needs of the regenerating nerve, with an emphasis on elongation versus radial growth of the axon (Moskowitz et aI., 1993) . Changes in the dendritic cytoskeleton have also been described after axon injury, involving de creased expression of MAP2 immunoreactivity that was suggested to include both MAP2b and MAP2c, although the detection of MAP2c was not rigorously confirmed (Svensson and Aldskogius, 1992b) . De creased MAP2b mRNA hybridization was noted in the same model (Svensson and Aldskogius, 1992a) . Conversely, increases in the normally expressed MAP2b have been observed under conditions of dendritic plasticity in response to denervation of dentate granule cells (Caceres et aI., 1988) . The present results are, in this sense, more consistent J Cereb Blood Flow Metab, Vol. 15, No. 2, 1995 with the pattern of developmental recapitulation seen following axonal injury. However, in view of the evidence that postischemic neuronal injury in volves early dendritic pathology (Kirino and Sano, 1984; Yamamoto et aI., 1990) , the observed post ischemic reexpression of MAP2c may occur more directly as part of a plastic response to injury of these cell processes. The functional importance of MAP2c reexpression may be inferred from its se lective association with intervals of neurite out growth and synaptogenesis during development (Riederer and Matus, 1985; Tucker, 1990 ) and its persistent expression in cell populations that show continued dendritic reinnervation in the adult ner vous system Viereck et aI., 1989) . Selective suppression of MAP2 expres sion in developing neurons in culture results in an inhibition of neurite outgrowth (Caceres et aI., 1992) . The consequences of altered MAP2 expres sion in mature neurons, and in particular the differ ences in microtubule function arising from incorpo ration of MAP2c versus MAP2b, remain to be ex plicitly determined. MAP2c retains the binding domains for tubulin and cAMP-dependent protein kinase II, as well as the carboxy-terminal leucine zipper motif of MAP2b, but lacks the filamentous side arm (Kindler et aI., 1990) . From these obser vations, it may be expected that spacing and cross bridging properties will be affected (Hirokawa et aI., 1988; Heins et aI., 1991; Takeuchi et aI., 1992) . Whether the MAP2c transcript expressed after isch emia is successfully translated into functional pro tein and thereafter incorporated into microtubule assemblies in injured neurons remains to be veri fied.
Specific signals regulating the splicing of MAP2 transcripts have yet to be elucidated, and the basic mechanisms of mRNA splicing constitute an area of active research (Mayeda and Krainer, 1992) . It has been suggested that mRNA processing in general may be affected following ischemia (Krause and Tiffany, 1993) . In addition, it can be speculated that factors affecting MAP2 function might specifically feed back on the processing system to effect changes in MAP2 splicing. Recent work directly demonstrates that ischemia results in the tyrosine phosphorylation and activation of mitogen activated protein kinase, for which MAP2 is a sub strate (Campos-Gonzalez and Kindy, 1992; Kindy, 1993) . Mitogen-activated protein kinase is promi nently phosphorylated in brain after N-methyl-D aspartate receptor activation (Bading and Green berg, 1991) , but N-methyl-D-aspartate-induced de phosphorylation of MAP2 in hippocampal slices has also been described (Halpain and Greengard, 1990 ), suggesting that MAP2 phosphorylation is highly regulated. MAP2 phosphorylation state plays a sig nificant role in its functional interaction with micro tubules (Brugg and Matus, 1991) and could be a candidate signal in the regulation of MAP2 expres sion. Since activation of mitogen-activated protein kinase also occurs acutely under brief stimulus con ditions that do not result in cellular injury (Stratton et al., 1991) , it could be argued that it might be more likely to participate in the generalized early in creases in MAP2b mRNA seen in the present study. On the other hand, relatively lasting phosphoryla tion of mitogen-activated protein kinase has been observed following kainic acid administration (Jope et aI., 1991) , and there is some evidence that tyro sine kinase inhibitors may protect hippocampal neurons after ischemia (Kindy, 1993) , further sug gesting a role in long-term responses. Changes in phosphorylation state of T-proteins as a result of mitogen-activated protein kinase activity are asso ciated with the acquisition of biochemical and anti genic properties of the T present in paired helical filaments of Alzheimer's disease (Drewes et aI., 1992; Goedert et aI., 1992) . T epitopes detected by the Alz-50 antibody show early developmental ex pression and a resurgence with aging in Down's syndrome and Alzheimer's disease (Wolozin et ai., 1988; AI-Ghoul and Miller, 1989; Hamre et ai., 1989) , and increased a1-tubulin expression has also been observed in Alzheimer's disease (Miller and Geddes, 1990) . From these results, it may be spec ulated that activation of developmental programs that include the reexpression of MAP2c and other cytoskeletal protein isoforms may be closely asso ciated with mitogen-activated protein kinase activa tion in response to diverse pathological stimuli.
In summary, these studies demonstrate that MAP2c hybridization is a selective and sensitive marker that identifies regions of delayed neuronal injury after transient global ischemia. Further un derstanding of the mechanisms and consequences of this reexpression of a developmentally regulated transcript should provide insight into the factors de termining neuronal vulnerability and plasticity after ischemia and other insults. 
